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With the help of Broadband Dielectric Spectroscopy, it has been possible to study the molecular dy-
namics of disentangled Ultra High Molecular Weight Polyethylene in a wide temperature and frequency
range. Catalytic ashes of aluminum oxide act as dielectric probes, allowing the identification of five
different processes: an ac-process due to movements in the crystalline phase, two g-processes attributed
to amorphous chain portions close to the crystalline lamellae, and two b-processes that we have
attributed to the disentangled and entangled amorphous phases. The entanglement formation has been
followed by isothermal runs and a model that predicts the energy spent to form entanglements as a
function of time and temperature is thereby proposed. This model allowed us to calculate the associated
activation energy of the entanglement process.
Our work advances further the understanding of entanglement dynamics of ultra-high molecular
weight polymers, and the proposed model could prove useful to describe other similar processes such as
cross-linking.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Ultra-high molecular weight polyethylene (UHMWPE) is an
engineering polymer that finds application in a wide range of fields
such as biomedical products, soft ballistic protection and automo-
tive parts [1e3]. UHMWPE differs from high density polyethylene
(HDPE) in the average chain length, where it exhibits 10 to 100
times higher degree of polymerization, resulting in average mo-
lecular weights above 106 g/mol [4,5]. As a result, UHMWPE is
difficult to process with conventional thermoplastic methods due
to the extremely high viscosity of the highly entangled melt [5e7].
In order to overcome this issue, advances in the chemical synthesis
of ultra-high molecular weight polyethylene with a reduced num-
ber of entanglements (dis-UHMWPE) have been made by means of
metallocene and post-metallocene catalysts [8e11]. Dis-UHMWPE
presents significantly improved processability when compared
with entangled UHMWPE. Solid-state compression moulding and
stretching result in highly oriented uni-axially or bi-axiallyrakopoulos).
r Ltd. This is an open access articlestretched tapes and films, yielding high values of strength/
modulus [12] and thermal conductivity [13].
However, this disentangled state is metastable above the
melting temperature of the polymer (>140 C). The dynamics of
polymer chains in the melt have been a topic of intense discussion
for a long time. The most accepted model was proposed by De
Gennes, in which the polymer chain is trapped in a tube that
constrains its movement [14]. The dominating mechanisms for
chain dynamics in this model are: (i) Rouse motion at short times
and (ii) chain progression by reptation along the tube, until it
escapes. Chain reptation results in formation of new entangle-
ments, progressively increasing the viscosity of the polymer.
Hence, molten dis-UHMWPE should be considered a material in a
non-equilibrium state, where the kinetics of entanglement for-
mation are governed by several factors such as temperature,
molecular weight, initial number of entanglements and presence
of fillers.
Rheology has proved to be an effective method to follow the
formation of entanglements in the melt, both in the presence or
absence of fillers [12], [15,16]. It has been reported that the value
of G0 of dis-UHMWPE approaches that of entangled UHMWPE
once the equilibrium, fully-entangled state is reached [15e17].under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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weights and their distributions of such polymers [15], [16e18].
One major limitation of the dynamic rheological analysis is the
upper frequency limit since most rheometers can reach up to
100Hz, although the use of piezoelectric resonators can extend the
frequency range [19]. This limitation is crucial in the study of pro-
cesses with very short relaxation times were higher frequencies are
required.
Broadband dielectric spectroscopy (BDS) is a powerful exper-
imental technique to investigate the interaction of electromag-
netic waves with matter in the frequency range of 106 to 1012 Hz.
Combining the broad frequency range with temperature varia-
tions, BDS can identify different processes in polymers and poly-
mer composites such as polarization and conductivity
phenomena, molecular dipolar fluctuations, thermal transitions,
charge transport and interfacial polarization [20,21]. Dielectric
and mechanical dynamic analysis can be employed in parallel to
either analyze the same processes or explore new ones like
interfacial polarization and DC conductivity. In some cases, pro-
cesses arising from the same phenomena might appear in
different relaxation times [22].
The dielectric data can be interpreted in terms of different
equivalent formalisms: dielectric permittivity, electric modulus, ac
conductivity and impedance. A particular formalism might be
needed in cases where parasitic effects like electrode polarization
partially masks the specimen's dielectric behavior in the studied
frequency and temperature range, or when relaxation processes
cannot be fully discerned [20] [21], [23]. In addition, interfacial
phenomena play a significant role on the properties of heteroge-
neous materials like polymer composites, semi-crystalline or
polymer blends materials and they can also be analyzed using BDS
[20], [23e25]. Some of these models have been proven useful in the
analysis of mechanical and rheological data as well [26e28]. To
identify and analyze the different processes which are super-
imposed in the experimental data, semi-empirical formulations
that deviate from the ideal Debye behavior have been proposed
over the years in both the form of dielectric permittivity and
electric modulus. These models differentiate from each other in
terms of the symmetry of the distribution of relaxation times. [23],
[29e31]. Relaxation molecular dynamics can be analyzed using
Arrhenius and Vogel-Fulcher-Tammann (VFT) equations to eluci-
date the temperature dependence by providing the values of the
activation energy and Vogel temperature (ideal glass-to-rubber
temperature) respectively [20] [21], [32]. The dielectric behavior
of unentangled and entangled polymers has been interpreted by
both the Rouse model and the tube-reptation model respectively
[33e35]. In addition, BDS has been a valuable tool to understand
the evolution of cross-links in curing resins [36e38]. Considering
the two, Nicolai et al. in their study of poly (oxypropylene) melts
reported that the dynamics of covalent cross-link and entangle-
ment formation are identical [39].
The dielectric response of polyethylene has been a subject of
research for decades. Polyethylene (PE) presents a very small dipole
moment because of its non-polar chemical structure. For this
reason, obtaining a complete relaxation map is a challenge that is
usually overcome by: (i) addition of probes with a permanent
dipole moment [40], (ii) oxidation/chlorination to produce dielec-
trically active chains [41], or (iii) induced oxidation in the presence
of metal oxide fillers [42]. The dielectric spectrum of PE is known to
exhibit three main processes. The a-process is related to molecular
fluctuations in the crystalline part (namely ac-process). This
nomenclature is contrary to the convention used for most polymers
where the a relaxation is associated with chain dynamics in the
amorphous region. The b-process is assigned to the amorphous
regions [42e45], and the g-process is related with mobile parts ofthe amorphous chains in the vicinity of the crystalline lamellae.
Often two, or even three types of g-processes are observed but their
assignment to specific molecular processes is not fully clear yet.
[20], [46e48]. Moreover, the entanglement dynamics of UHMWPE
have not been studied using dielectric spectroscopy to our
knowledge.
In the present work, we have studied dis-UHMWPE samples by
means of dielectric spectroscopy in a broad frequency and tem-
perature range to further elucidate the process of entanglement
formation. The dis-UHMWPE shows additional dielectric processes
with respect to the entangled one that we have attributed to the
presence of two distinctive amorphous phases with different de-
gree of entanglement. By following the evolution of these phases
with temperature, we have been able to formulate a model to es-
timate the activation energy of the entanglement formation pro-
cess. Our work advances further in the understanding of
entanglement dynamics of ultra-high molecular weight polymers
and provides valuable information on how to control their pro-
cessability. Moreover, the model that we propose might find
application to describe the entanglement formation or cross-
linking of other polymers.2. Experimental
2.1. Chemical synthesis of dis-UHMWPE
Disentangled ultra-high molecular weight polyethylene was
synthesized following the procedure described elsewhere [49,50].
Samples were taken from the reactor at different times, resulting
in three molecular weights (Table 1). Quenching the polymeriza-
tion reaction with methanol resulted in the presence of traces of
catalytic ashes of aluminium oxide (Al2O3) derived from the
methylaluminoxane (MAO, 10wt% solution in toluene, Alber-
marle) co-catalyst used. As the amount of MAO is kept constant for
all polymerizations, the content of Al2O3 is lower for the longer
polymerization times, where more polymer is produced. For
sample PE_60_MG acidified methanol (methanol/37% wt HCl 95/5
v/v) was used instead, to completely avoid the formation of Al2O3.
For all the other samples the theoretical amount of Al2O3, as
calculated by the amount of co-catalyst used in the reaction, is
presented in Table 1. It should be considered that this amount is
calculated on the assumption that all the MAO added as co-
catalyst does react during quenching to form Al2O3, so it is in
fact the maximum amount that can be realistically found in the
sample. According to an older study of polyethylene e TiO2
dielectric probes systems, the addition of 1e10wt% has a minor
effect to molecular dynamics of the recorded relaxations but
significantly increases the dielectric strength and tand values. This
supports our choice of PE_30, where the maximum amount of
Al2O3 is 2.6 wt% [42].2.2. Specimen manufacturing
Specimens for BDS were prepared by moulding the samples in
Table 1 into discs of 34mm in diameter with an average thickness
of 1.4mm. Themoulding temperaturewas kept at 125 C, below the
melting temperature of UHMWPE, to ensure that the minimum
amount of entanglements would form during the processing of the
specimens. Fully sintered specimens were obtained by applying a
load of 5 tonnes for 5min, 10 tonnes for 10min and 20 tonnes for
5min. During cooling, between 1 and 5 tonnes were applied to
achieve permanent deformation. The same protocol was followed
to prepare the rheology samples having 1mm thickness and
10.00mm diameter.
Table 1
Polymerisation times and average molecular weights of the samples used in this study. The theoretical Al2O3 concentration was calculated on the basis of the Aluminium
content of the MAO co-catalyst employed during the chemical synthesis.
Sample Name Reaction Time (minutes) Average Mw (*106 g/mol) Theoretical Al2O3 concentration (wt %)
PE_60_MG 60 5.6 e
PE_60 60 1.7
PE_30 30 4.2 2.6
PE_15 15 2.5 4.8
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Dielectric Spectroscopy. The dielectric response of the samples
was investigated by means of BDS using an Alpha-N Frequency
Response Analyzer. The voltage amplitude of the applied field was
kept constant at 1 V and frequency varied from 100 Hz to
0.429 106 Hz employing a two-parallel gold-plated electrode
capacitor BDS-1200. The temperature was controlled employing a
Novotherm system where the isothermal scans were performed in
a temperature range of 50e160 C, in steps of 10 C. All the BDS
parts were supplied by Novocontrol Technologies (Hundsagen,
Germany). In order to determine the entanglement formation at
160 C, 21 consecutive frequency sweep cycles were performed
with a total duration of approximately 1 h. To analyze the tem-
perature dependence of the entanglement formation in PE_30,
more tests were performed at different temperatures using a new
specimen for each temperature. The temperatures selected for
these experiments were 80, 100, 120, 140, and 160 C. The speci-
mens were analyzed again for 21 frequency sweep cycles in the
same frequency range as described above. To compare the dielectric
and the rheological build-ups of PE_30, a dielectric test at 10 and
100Hz at 160 C for over 12 h (~45,000 s) was performed.
Rheological measurements. The oscillatory time sweep experi-
ments were conducted at 160 C by means of rheology employing a
TA Instruments ARES-G2 for the same sample in two frequencies, 1
and 10Hz at 0.5% strain located in the linear viscoelastic region for
almost 100 h (~350,000 s).Fig. 1. (a) The real and (b) imaginary parts of dielectric permittivity as a function of
frequency at 160 C for the studied samples.3. Results & discussion
3.1. Effect of catalytic ashes on the dielectric strength of dis-
UHMWPE
The dielectric response of all dis-UHMWPE samples is shown in
Fig. 1, where the real and imaginary parts of dielectric permittivity
at 160 C are presented in Fig. 1a and b respectively. The complex
dielectric permittivity ε* is defined as:
ε
* ¼ ε0  iε00 (1)
where, ε0 and ε00 are the real and imaginary parts of dielectric
permittivity respectively. Fig. 1a shows how the dielectric strength
increases with increasing Al2O3 content. For samples PE_30 and
PE_15, the values of dielectric permittivity in the low frequency
range are due to the dielectric contribution of the catalytic ashes.
This can be better appreciated in Fig. 1b, where the imaginary part
of the dielectric permittivity is presented. The PE_60_MG sample
exhibits a close to zero dielectric loss behavior in the middle and
high frequency range were all the relaxation processes are located,
thus confirming that the presence of dielectric probes is paramount
to yield the UHMWPE dielectrically active, as discussed elsewhere
for the case of PE [40e42]. However, this sample exhibits relatively
higher values of losses combined with an increase in the real part of
dielectric permittivity in the low frequency edge which could be
ascribed to interfacial polarization between the crystalline and theamorphous phases of polyethylene. This effect seems to be less
intense in the rest of the samples in the window of observation,
since the whole process has moved to lower frequencies due to the
increased heterogeneity from the presence of Al2O3 catalytic ashes.
As the concentration of catalytic ashes increases, the dielectric loss
values increase as well. It is interesting to note that the loss peak
maximum tends to shift to lower frequencies with the increase of
molecular weight, as bigger chains requiremore time to react to the
applied electric field. To follow the formation of entanglements, we
have decided to focus on sample PE_30. This sample balances a
strong enough dielectric strength to perform dielectric studies with
a concentration of catalytic ashes that is not expected to affect
strongly the entanglement topology in the melt.
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modulus
Dielectric data can be presented using different formalisms,
such as electric modulus, dielectric permittivity, impedance and ac
conductivity, and the choice mainly depends on the materials used
and on the specific phenomena that are observed [21], [23].
The complex electric modulus M* is defined according to
Equation (2):
M* ¼ 1
ε
* ¼
1
ε
0  iε00 ¼
ε
0
ε
02 þ ε002 þ i
ε
00
ε
02 þ ε002 ¼ М
0 þ iМ 00 (2)
where M0, and М 00 are the real and the imaginary parts of the
electric modulus respectively, ε* is the complex permittivity and ε0
and ε00 are the corresponding real and imaginary parts, in analogy to
the complex modulus defined for other types of dynamic mea-
surements. In Fig. 2, the real part of electric modulus as a function
of time at 160 C for PE_30 at 10 and 100 Hz is presented. For
comparison, the real part of mechanical shear modulus G0 for the
same sample at the same temperature at 1 and 10 Hz is presented in
the inset of Fig. 2. An increase in elastic shear modulus G0 is
observed as time proceeds due to the progressive increase of en-
tanglements [51]:
G0N ¼
gNrRT
Me
(3)
where G0N is the plateau modulus at thermodynamic equilibrium
state, gN is a numerical factor, r is the density of the material at the
absolute temperature T, R is the gas constant and Me is the mo-
lecular weight between entanglements and it is inversely propor-
tional to the entanglement density. This increase is in agreement
with other studies in the literature [15e17]. As it can be appreci-
ated, the same behavior is observed in the electrical modulus as
well, due to the formation of entanglements, although the time-
scales involved appear to be faster. The formed entanglements
restrict the motion of polar parts hindering their ability to be
aligned with the field. Consequently, polarization and permittivity
diminish approaching a constant value. Electric modulus being the
inverse quantity of permittivity increases with time reaching a
plateau. The different timescale reflects the disparity of the excited
substances in the two techniques, i.e. masses and dipoles respec-
tively as previously discussed by Pakula [22].Fig. 2. The real part of electric modulus as a function of time at 100 and 10Hz. Inset
the real part of mechanical shear modulus as a function of time at 1 and 10Hz. All for
the PE_30 sample at 160 C.3.3. Dielectric spectra of dis-UHMWPE
In Fig. 3, we report the comparison between the imaginary part
of dielectric permittivity (Fig. 3a) and electric modulus (Fig. 3b) as a
function of frequency and temperature for the PE_30 specimen. The
processes that can be found using the complex permittivity
formalism are present at very similar frequencies and temperatures
range in the electric modulus formalism. For a single process, the
relationship between the peak frequencies in both formalisms can
be written as:
fM;max ¼
εs
ε∞
fε;max (4)
where fM;max and fε;max are the relaxation peak frequencies in the
modulus and permittivity formalisms respectively while lim
f/0
ε
* ¼ εs
and lim
f/∞
ε
* ¼ ε∞. When the ratio of εs=ε∞ is relatively close to 1, theFig. 3. The imaginary parts of (a) dielectric permittivity and (b) electric modulus both
as a function of frequency and temperature for the PE_30 sample.
Fig. 4. The imaginary part of electric modulus as a function of frequency for PE_30 at: (a) 50 C, (b) 90 C, (c) 120 C and (d) 160 C. Inset provides information on the real part of
electric modulus. The points represent the experimental data while the interpolating lines are obtained from the computational model.
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are very similar. For this reason, using the dielectric permittivity or
electric modulus formalisms for the analysis in our systems is
equivalent. In the supplementary data in Figure SD1 a comparison
between the imaginary parts of dielectric permittivity and electric
modulus as a function of frequency varying the temperature are
presented to highlight this similarity in a 2D representation.
To better discern sub-relaxation processes, the electric modulus
formalismwill be adopted from now on in this work. To analyze the
different processes present in the PE_30 sample a deconvolution
technique that employs frequency-dependent model functions,
namely the Havriliak-Negami model function in its electric
modulus formalism as developed by Tsangaris et al. [23] was used.
Equation (5) provide the expressions for the real and imaginary
part of electric modulus:
M
0 ¼ M∞Ms½MsA
g þ ðM∞ MsÞcosg4Ag
M2s A2g þ 2AgðM∞ MsÞMscosg4þ ðM∞ MsÞ2
(5a)
M
00 ¼ M∞Ms½ðM∞ MsÞsing4A
g
M2s A2g þ 2AgðM∞ MsÞMscosg4þ ðM∞ MsÞ2
(5b)
where:A ¼

1þ 2ðutÞbsin

pð1 b Þ
2

þ ðutÞ2b
1=2
(5c)
4 ¼ arctan
2
4 ðutÞ
bcos

pð1bÞ
2

1þ ðutÞbsin

pð1bÞ
2

3
5 (5d)
For b¼ g¼ 1 the above relations reduce to the Debye function
model for a single relaxation time, while for b< 1, g¼ 1 and b¼ 1,
g< 1 the symmetrical Cole-Cole and asymmetrical Davidson-Cole
model functions apply respectively. M∞ and Ms are the reciprocal
values of ε∞ and εs respectively. To fit the experimental data in the
entire temperature range, a total of six processes were required.
The parameters used in the simulations are provided in the sup-
plementary data Table SD1.
In Fig. 4 the imaginary part of electric modulus as a function of
frequency for PE_30 is presented for 50 C (Fig. 4a), 90 C (Fig. 4b),
120 C (Fig. 4c) and 160 C (Fig. 4d). The points represent the
experimental data while the lines are the Havriliak-Negami fits,
reproducing with good agreement the experimental data. The su-
perposition of Havriliak-Negami fits for all temperatures can be
found in the supplementary data in Figure SD2.
The ac-process involves the polarization of the crystalline phase
Fig. 5. Arrhenius plot for the maximum loss positions as a function of the reciprocal
temperature for all observed relaxation processes in PE_30. The activation energy for
each process is given as well.
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simulating M00 as a function of frequency, it was observed that the
relaxation times for this process appear to remain constant be-
tween 140 and 160 C, instead of decreasing, which is expressed via
shifting the frequency loss peak position to higher frequencies, as
would be expected from the increased kinetic energy. According to
the literature, this behavior is due to gradual melting of crystals of
different dimensions [41]. The intensity of the process also di-
minishes with the increase of temperature, due to the progressive
disappearance of the crystals, although it does not vanish
completely, even at 160 C, suggesting the presence of residual
crystals.
The b-process of polyethylene is attributed to the molecular
fluctuations of the amorphous chain segments above the glass
transition temperature [52]. In the case of dis-UHMWPE, we have
observed two distinct processes that we have attributed to the two
distinct amorphous regions present in this material, namely the
entangled amorphous (bent-process) and the disentangled amor-
phous region (bdis-process). The presence of amorphous compo-
nents with different dynamics in disentangled UHMWPE has been
previously observed via 1H NMR T2 relaxometry. Rastogi et al. [53]
have reported that, on heating disentangled UHMWPE above
137 C, the crystalline parts of the polymer melt, and two distinct
amorphous components with different mobility can be identified
by the presence of two different T2 times. With the help of BDS we
have observed that the two distinct amorphous regions already
coexist at temperatures below the melting. The two regions are
expected to react differently to the electric field, as chains in the
entangled amorphous will have longer relaxation times compared
to the disentangled regions, where the chains can move easier.
Interestingly, in the case of the bdis-process, the relaxation times
appear to remain constant when entering themelt state similarly to
what happens to the ac-process: we ascribe this effect to the pro-
gressive melting of the crystalline regions resulting into a higher
density of entanglement formation in both the initially disen-
tangled amorphous and the molten crystals. In the case of the bent-
process instead, the frequency maximum increases with tempera-
ture even during the melting, as further entanglement formation is
expected to happen in these regions. Both processes are described
by the symmetrical Cole-Cole function model, in analogy with the
ac-process described above.
The g-process is attributed to the rigid/constrained amorphous
parts that are close to the surface of the crystalline lamellae. A very
broad asymmetrical distribution of relaxation times is expected for
this process, according to the literature [46], [52]. Previous studies
have identified in some cases two types of g-processes, attributed
to the segmental relaxation of different molecular weight fractions
of the chains [46]. In our case it is possible to recognize two g
processes, both strongly asymmetrical (the asymmetrical g
parameter in g1-process was found to be 0.658, while in the case of
the g2-process it varied from 0.190 to 0.260 in the considered
temperature range), with g1 showing slightly higher relaxation
times than g2. We attribute the different g processes to the pres-
ence of chains in the close vicinity of a crystalline lamellae that have
either one or both ends attached to it.
The process found in the lower end of the frequency window
appears from 90 C and is enhanced especially above 130 C. This
process is mainly attributed to polarization at the interface be-
tween the polymer chains and the ceramic catalytic ashes.
Interfacial polarization arises due to the electrical heterogeneity
between a material's constituents. It is possible a contributing
interfacial polarization between the crystalline and amorphous
regions to exist, however its contribution could not be significant,
because of the small difference in dielectric permittivity and
conductivity of the amorphous and crystalline parts of UHMWPE.A pronounced interfacial polarization effect should result in high
values of the real and imaginary part of permittivity, leading to
low values of electric modulus because of Equation (2). We
cannot exclude some contribution from DC conductivity, but this
would be minimal due to the highly insulating character of
polyethylene. This process is only partially visible in the obser-
vation window chosen and is better described employing a Debye
function model.
In Fig. 5 are reported the loss peak positions versus the recip-
rocal temperature for the processes described above, except for the
interfacial polarisation. All five processes' frequency loss peak po-
sitions follow the Arrhenius equation expressed as:
fmax ¼ f0e


EA
kBT

(6)
where f0 is a pre-exponential factor, EA is the activation energy, kB
the Boltzmann constant and T the absolute temperature. Calculated
values of the activation energy are given in Fig. 6. All the R2 of the
fittings can be found in the supplementary data in Table SD2. The
activation energy of the ac-process is in very good agreement with
the literature values, as we estimated to be EA¼ 1.126eV against a
reported value of 1.036 eV [52]. According to previous studies, the
b-process temperature dependency also follows the Arrhenius
equation (although a non-linear relation modelled by the Vogel-
Fulcher-Tammann equation may be found for low molecular
weight samples) with an estimated activation energy of
EA¼ 2.280 eV [42], [52]. In our case, it was found that the temper-
ature dependency of the two processes were EA¼ 0.722 eV for the
bent and EA¼ 1.104 eV for the bdis-process. The higher activation
energy of the disentangled amorphous regionsmight arise from the
higher concentration of chains compared to the entangled regions.
The g-process is characterized by an activation energy of
EA¼ 0.466 eV according to the literature [52]. However, Kakudate
et al., reported two g-processes, g1-and g2-, with activation en-
ergies of 0.997 and 0.564 eV respectively [47]. For the same g-
processes our analysis found values of 0.838 and 0.444 eV. The g1-
process is characterized by both larger relaxation times and higher
activation energy comparing to the g2-process and we attributed to
either larger amorphous segments or more constrained chain ends
close to the lamellae as described above.
Fig. 6. The imaginary part of electric modulus as a function of frequency in progressive
frequency sweep cycles at 160 C for PE_30. The arrow shows the trend caused by the
entanglement formation. The points represent the experimental data while the lines
represent the superposition of the computational models. Inset shows the loss peak
position of the bdis-process with the progression of frequency sweep cycles.
Fig. 7. (a) The maximum loss positions as a function of the number of frequency sweep
cycles for the bdis-processes in PE_30 at different temperatures; (b) the values of the
entanglement formation energy (ED) as a function of temperature. The point at 140 C
deviates from the linear behavior, due to the melting of crystals, and it has not been
included in the fitting line.
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To gain a better insight on the mechanism of entanglement
formation, isothermal runs at various temperatures of dis-
UHMWPE were measured as a function of time. In Fig. 6 the
imaginary part of electric modulus as a function of frequency
varying the number of frequency sweep cycles at 160 C for the
PE_30 sample analysed before is presented. The points represent
the experimental data, while the continuous lines are obtained
from the superposition of the processes described before. The pa-
rameters needed for the simulations are provided in the supple-
mentary data Table SD3. The experiment clearly shows that with
the evolution of time (number of frequency sweep cycles) at con-
stant temperature, the spectra move to lower frequencies, as ex-
pected from a system that is becoming more entangled (and less
mobile) [54]. From the simulations, it was found out that the pro-
cess that is most heavily influenced by the evolution of time, in
terms of frequency loss peak position, is the bdis-process, as ex-
pected from the entanglement formation. This shift agrees with the
fact that entanglements hinder the relaxation of the polymer
chains. It should be taken into account that at 160 C the two g-
processes will also be affected by the melting transition but having
moved to higher frequencies outside the window of observation,
they cannot be observed. Therefore, the change that we observe in
time as a result of the formation of entanglements is related to the
bdis-process alone, as supported by relaxation simulations.
This study proves that it is possible to follow the dynamic of
chain relaxation through either dielectric or mechanical tech-
niques, as already suggested in previous literature [45] [47], with
the advantage of extending the range of accessible frequencies and
temperatures. In addition, the inherent rapidity of dipole move-
ments when compared to masses allows a faster timescale to be
accessed and to explore the initial stages of the entanglement
formation.
To study the dynamics of entanglement formation a new model
based on two equations is hereby proposed. The natural logarith-
mic loss peak position lnfmax of the bdis-process versus the number
of frequency sweep cycles n, is presented as an inset in Fig. 6 and it
is linear. Therefore, the frequency loss peak position as a function ofthe frequency sweep cycles follows an Arrhenius type trend and so
we propose a linear model of isothermal entanglement formation.
From this equation, the amount of energy that is spent at constant
temperature to trigger the transition can be calculated according
to:
fmax ¼ f0e


EDn
kBTM

(7a)
where fo is an exponential factor, TM is the temperature during the
isothermal measurement, ED is the entanglement formation energy
(energy spent by the polymer to entangle at the TM temperature), n
is the number of frequency sweeps and kB is the Boltzmann con-
stant. The higher the value of ED, the higher the number of entan-
glements forming at a constant temperature with the evolution of
time.
In Fig. 7a the evolution of the frequency loss peak position of the
computed bdis-process as a function of the number of frequency
sweep cycles at 80, 100, 120, 140 and 160 C is presented and the
value of the entanglement formation energy (ED) is calculated. All
the R2 of the fittings can be found in the supplementary data in
Table SD4. A newly prepared specimen from the same sample was
employed for each temperature, to ensure the same starting point
S.X. Drakopoulos et al. / Polymer 150 (2018) 35e4342was present in all measurements (minimum number of entangle-
ments). By increasing the measurement temperature (TM) we
observed that the entanglement formation energy (ED) is linearly
increasing since there is more available energy for entanglements
to form. Only in the case of 140 C the value is deviating from the
linear increase, but this should be expected since the crystalline
parts are melting andmost of the energy is spent for this transition.
The values of the entanglement formation energy are found to be
very low compared to the dynamics of the relaxation processes
discussed in Fig. 5 and this is attributed to the fact that they are
measured isothermally.
In Fig. 7b the values of the entanglement formation energy (ED)
are plotted as a function of the measurement temperature. The
entanglement formation energy (ED) exhibits a linear behavior with
temperature (the value at 140 C was excluded from the fitting for
the reasons explained above). The linear relationship between the
entanglement formation energy (ED) and temperature can be
described by:
EDðTMÞ ¼ STM  EA (7b)
where S is the slope in Fig. 7b. The minus symbol in front of the
activation energy describes the energetic barrier. The intercept of
the line is the energy barrier of the entanglement formation,
calculated to be EA¼ 13.480meV. The limit temperature at which
ED 0 where the formation of entanglements is energetically
favourable, was found to be TA(ED ¼ 0)¼ 331 K (58 C) which ac-
cording to previous studies from our group is close to the tem-
peraturewhere the thermal conductivity of an uni-axially stretched
UHMWPE sample starts to decrease [55]. In addition, the slope (S)
of the line was calculated to be 4.069 102meV/K which is in the
same order of magnitude of the Boltzmann constant
(kB¼ 8.617 102meV/K). According to De Gennes the energy kBT
is a function of the molecular mass and the mobility of a single
polymer chain following Equation (8) [56]:
kBT ¼
D0N
B
(8)
whereD0 is the diffusion coefficient and is inversely proportional to
the molecular mass, B is the mobility of one monomer while N is
the polymerization index. The overall mobility of a single chain
corresponds to the ratio B/N. It is reasonable to think that a devi-
ation from Equation (8) could be expected in the presence of
interchain interaction.
The temperature dependency of the entanglements formation
as presented from ourmodel would also explain the challenges that
melt processing of dis-UHMWPE presents, which usually occurs at
temperatures as high as 260 C (533 K) [57]. According to Equation
(7b), at 260 C the entanglement formation energy equals
ED ~ 9.5meV which is over twice the amount at 160 C (Fig. 7b). In
addition, themechanical stirring coming from extrusion techniques
would feed the melt with extra energy resulting to even faster
entanglement formation. This is why a short residence time
(30min) in the melt processing of dis-UHMWPE is suggested even
at those temperatures where re-entanglement according to
rheology should take place in the range of hours [58].4. Conclusions
The application of broadband dielectric spectroscopy (BDS) to
disentangled UHMWPE has allowed us to further expand our un-
derstanding of both its solid and metastable melt states. The
presence of Al2O3 catalytic ashes oxidizes some of the polymer
chains rendering them dielectrically active. We have identifiedthree main relaxation processes, two of which are composed of two
sub-relaxations. One attributed to the crystalline part (ac process), a
second one associated with the disentangled (bdis) and entangled
(bent) amorphous phase, and another to the constrained amorphous
chains (g1 and g2). By following the evolution of the bdis process as a
function of both time and temperature, we have been able to
formulate a model to estimate the activation energy related to the
entanglement formation process in UHMWPE (EA¼ 13.480meV),
as well as the minimum temperature at which this process will
start appearing (58 C). We also introduce the entanglement for-
mation energy (ED) which is the remaining thermal energy after the
subtraction of the activation energy. The ED is responsible for the
amount of entanglements forming in a given temperature. Our
work advances further in the understanding of entanglement dy-
namics of ultra-high molecular weight polymers and provides
valuable information on how to control their processability. Our
linear model of isothermal entanglement formation can be proven
useful to describe the dynamics of cross-linking or entanglement
formation in other polymers.
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